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ABSTRACT
Bisphenol A (BPA) is an endocrine-disrupting compound (EDC) that can act as an agonist or
antagonist to interfere with multiple signaling pathways, including neurological pathways. The
impact of BPA related to neurodevelopmental disorders (NDDs) is one of the biggest concerns in
BPA exposure in humans. Therefore, BPA analogues are used to replace BPA in manufacturing
and BPA-free products. However, most BPA analogues, including Bisphenol F (BPF) and
Bisphenol S (BPS), act the same way as BPA on estrogen and androgen receptors. RNASequencing (RNA-seq) analysis was used to investigate the impact of BPA, BPF, and BPS on
neurodevelopmental transcriptomes in Drosophila melanogaster. The results of RNA-Seq
analysis identified differentially expressed genes of BPF_exposed and BPS_exposed samples
compared to wild-type. The findings of this project found an overall down-regulated gene
expression in BPF and BPS_exposed samples compared to wild-type in neurodevelopmental
pathways.

Index terms – Bisphenol A (BPA), Bisphenol F (BPF), Bisphenol S (BPS), endocrine-disrupting
compound (EDC), neurodevelopmental disorders (NDDs), RNA-Sequencing (RNA-Seq)
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I.

INTRODUCTION

1.1 Biological Background
Bisphenol A (BPA) is a ubiquitous chemical widely used in the manufacturing of
polycarbonate plastics and epoxy resins. BPA is used in many essential products such as
water bottles, food containers, toys, medical equipment, etc. [1]. Since BPA easily releases
from polycarbonate products under high temperatures and basic or acidic conditions, BPA
can contaminate food and the environment via daily activities such as heating food or
washing plastic products [2]. Humans are being exposed to BPA via environmental
contamination such as dust, water, air and food contamination from food containers. In fact,
BPA can be found in human urine, blood, tissue, breast milk, and fetal blood [3]. For
decades, much research has explored the impact of BPA on human health. Until now, human
exposure to BPA is still a concern due to its negative impact on human health, including
reproductive health, immune system, and neurodevelopmental diseases [3], [4], [5]. Out of
concern for the negative effects of BPA exposure on human health, BPA is replaced by other
analogues, such as Bisphenol F (BPF) and Bisphenol S (BPS), to reduce the risk of BPA
exposure in humans. However, the effects of BPA analogues on human health have not been
investigated as thoroughly as BPA. Since BPA analogues have similar chemical structures to
BPA, they might possess in the same mechanism as BPA and cause similar or even worse
effects on human health.
BPA is an endocrine-disrupting compound (EDC) that binds to receptors and mimics
or blocks the natural hormones in humans [6]. BPA binds to various receptors, acts as an
agonist or an antagonist, and affects multiple signaling pathways. For example, BPA can
attach to human estrogen-related receptor 𝛾 (ERR𝛾), a human nuclear receptor expressed in a
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tissue-restricted manner. ERR𝛾 is expressed in mammalian brains, lungs, and tissues.
Binding to ERR𝛾, BPA can interfere with the development and differentiation of the nervous
system in fetal brains [7]. In an experiment on rat, BPA could bind to a thyroid hormone
(TH) receptor, act as an antagonist to increase serum thyroxin (T4) and interfere with the
expression of neurogranin in hippocampus [8]. In an in-silico study, BPA also acted as an
agonist to bind to human glucocorticoid receptor (GR). The binding of BPA to two GRs,
dexamethasone (DEXA) and cortisol, altered the biological pathways similar to the effects by
glucocorticoids in endocrine, immune system, neurodevelopment, neogenesis, and neuronal
structure [9]. Through the impact of BPA on many signaling pathways, BPA affects
metabolism, neurodevelopment, neurodifferentiation, and reproductivity in mammalian. The
effects of BPA on neurodevelopmental disorders (NDDs) are one of the biggest concerns
about BPA exposure in humans. Some research showed the correlation between BPA
exposure and autism in children [10]. BPA exposure in children caused mitochondrial
dysfunction and oxidative stress in lymphoblasts of children with autism [11], [12]. Research
using mice has found that BPA exposure during prenatal, perinatal, or lactation period
affected behaviors associated with NDDs, including aggressive behavior, reduced spatial
memory, reduced avoidance memory, reduced social behavior, and increased anxiety [13],
[14], [15], [16]. Research examining the impact of BPA in D. melanogaster also found
behavioral impact associated with NDDs, including hyperactive locomotor activity, reduced
learning, increased repetitive activity, reduced social interaction, impaired axon guidance,
and impaired neural stem cell development [17], [18].
Most bisphenols act the same as BPA on estrogen and androgen receptors, including
BPF and BPS. The BPA alternatives can modulate metabolism and cause DNA damage and
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behavior disorders [19]. Previous studies indicated the effects of BPF and BPS exposure on
neurodevelopment. BPF and BPS altered 5𝛼-reductase (5𝛼-R), dopamine and serotonin
related genes in juvenile female rats. Since 5𝛼-R is a key enzyme in neurosteroidogenesis,
BPF and BPS affected neurodevelopment and neurotoxicity in rats [20]. The effects of BPF
were stronger than BPA in altering offspring behavior. BPF exposure during pregnancy
increased the anxiety and depression behavior of offspring in mice [21]. BPF also affected
the reproduction and reproductive behavior in zebrafish embryos by disrupting the
development of gonadotropin releasing hormone (GnRH) neurons, one of the main
controllers of reproductive behavior in brain. In a low dose of BPF exposure (0.25𝜇𝑀), BPF
significantly reduced GnRH development in the neural system of zebrafish embryos [22]. In
the mice model, BPS exposure in female mice increased the expression of estrogen receptor
𝛼 in the central medial preoptic area (MPOA), one of the main brain regions of maternal
care. BPS acted as a xenoestrogen and altered brain and maternal behavior in mice [23].
Another research also indicated the effect of BPS on the lactating mammary gland and
nursing behaviors in mice. Being exposed to BPS, both dams and pups showed different
nursing behaviors. While dams spent more time nursing, pups initiated nursing less during
the lactational period. BPS exposure during pregnancy and lactation reduced the fraction of
mammary glands in lobules [24]. Since BPF and BPS affect multiple metabolism and
biological processes, especially neurodevelopment and behavior disorders, it is crucial to
study the effect of BPA analogues on neurodevelopment.
This project aims to use an RNA-Sequencing (RNA-seq) workflow to investigate the
impact of BPA and its analogues, BPF and BPS, on neurodevelopmental transcriptomes in D.
melanogaster. For this research project, the samples of D. melanogaster mRNA were
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generated from four different experimental conditions (wild-type, BPA_exposed,
BPF_exposed, BPS_exposed) using Next Generation Sequencing (NGS). Differential
expression analysis is performed to investigate the differences in mRNA expression between
a wild-type strain following exposure to BPA, BPF, BPS. The impact of BPA, BPF, and BPS
on neurodevelopmental transcriptomes can be determined through differential expression
analysis.
1.2 Technical Background
1.2.1

Data
The data was obtained from Dr. Kimberly Mulligan’s lab at Sacramento Satae

University, Department of Biological Sciences. The w1118 Drosophila strain from the
Bloomington Stock Center was exposed to three different chemicals, BPA, BPF, and BPS.
The parental (P1) females were exposed to chemical treatment for embryo exposure. First
filial (F1) larvae were exposed to BPA/BPF/BPS in the concentration of 1mM. Control adults
and larvae were not treated with any chemicals. F1 larvae were used to obtain RNA
sequences [25]. Each sample has three biological replicates. The sequencing data is pairedend RNA sequences of four samples of D. melanogaster in different conditions, including
wild-type, BPA_exposed, BPF_exposed, and BPS_exposed. Paired-end reads (150bp ×2)
were generated using Illumina HiSeq by Genewiz. The information of the samples is shown
in Table 1.

4

THE IMPACT OF BISPHENOL A AND ITS ANALOGUES ON NEURODEVELOPMENT TRANSCRIPTOMES IN DROSOPHILA MELANOGASTER

Table 1: Raw Input Data
Sample

Condition

Total Sequence

WT-1a-ctl_R1_001 & WT-1a-ctl_R2_001

wild-type (0 mM BPA)

42,321,520

WT-1b-ctl_R1_001 & WT-1b-ctl_R2_001

wild-type (0 mM BPA)

39,625,359

WT-1c-ctl_R1_001 & WT-1c-ctl_R2_001

wild-type (0 mM BPA)

38,267,287

WT-2a-BPA_R1_001 & WT-2a-BPA_R2_001

1 mM BPA

29,305,853

WT-2b-BPA_R1_001 & WT-2b-BPA_R2_001

1 mM BPA

30,229,079

WT-2c-BPA_R1_001 & WT-2c-BPA_R2_001

1 mM BPA

34,224,566

WT-3a-BPF_R1_001 & WT-3a-BPF_R2_001

1 mM BPF

22,434,527

WT-3b-BPF_R1_001 & WT-3b-BPF_R2_001

1 mM BPF

31,829,119

WT-3c-BPF_R1_001 & WT-3c-BPF_R2_001

1 mM BPF

31,782335

WT-4a-BPS_R1_001 & WT-4a-BPS_R2_001

1 mM BPS

36,455,284

WT-4b-BPS_R1_001 & WT-4b-BPS_R2_001

1 mM BPS

42,770,025

WT-4c-BPS_R1_001 & WT-4c-BPS_R2_001

1 mM BPS

37,585,313

1.2.2

RNA Sequencing (RNA-Seq) workflow
RNA-Seq workflow is designed and developed for the gene differential expression

analysis. Differentially expressed genes under different conditions can be determined by
comparing the expression between wild-type and treatment groups. In this project, RNA-Seq
is used to determine the gene differential expression in neurodevelopmental transcriptomes
between wild-type, BPA_exposed, BPF_exposed, and BPS_exposed samples. Applying
differential expression analysis and gene set enrichment analysis can identify the
neurological pathways and the significant genes associated with the pathways. As a result,
the impact of BPA and its analogues on the neurodevelopmental transcriptomes in D.
5
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melanogaster can be determined.
RNA-Seq workflow starts with the raw sequencing data obtained in FASTQ files.
The workflow consists of preprocessing steps and gene expression analysis. The
preprocessing steps include quality control, adapters trimming, mapping genome, duplicates
removal, and quantification. Gene expression analysis includes differential expression
analysis and gene set enrichment analysis. The workflow is shown in the flowchart in Figure
1.
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Figure 1. Flowchart for RNA-Seq workflow

In preprocessing data, the quality control of raw data in FASTQ file format is the first
step. Raw data of RNA sequences obtained in FASTQ files contain nucleotide sequences and
quality scores encoded in ASCII characters. Conducting quality control is essential for
7
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determining the quality of raw sequences in terms of GC content, adapters, duplicates, and
potential contamination. This step will guide the next step in the workflow, such as trimming
adapters or removing duplicates. Quality control is also used before and after other
preprocessing steps to check the quality of preprocessing steps. The next step in RNA-Seq is
trimming adapters in sequences. Adapters are synthetic DNA fragments ligated to the 3’ or 5’
end of DNA molecules during library preparation [26]. Adapters are essential in sequencing
when acting as a template for flow-cell and adapter-ligated DNA in PCR [27]. Since adapters
are not biological relevant, the existence of adapters in the sequencing data can cause
contamination and affect alignment results on the next preprocessing steps. Based on the
quality control results, the adapters will be removed to enhance sequences’ quality. After
adapter trimming, sequences are mapped against a reference genome. The sequences from
biological samples can contain deletions, mismatches, and insertions. The purpose of
mapping sequences to the reference genome is accurately aligning and joining spliced
sequences to identify where in the genome the RNA sequences originate from. During the
library preparation of RNA sequence, Polymerase Chain Reaction (PCR) is used for
amplification to obtain enough amount of cDNA (complementary DNA) for RNA
sequencing. However, PCR amplification can cause duplicates due to reads generated from
the same RNA fragments [28]. Duplicates in sequences can cause false high expression
levels in the quantification. To obtain accurate quantification, duplicates need to be removed
before quantification. The last preprocessing step is quantifying reads against the reference
genome to determine how many reads are aligned to gene features.
The purpose of differential expression analysis is to determine genes that are
significantly differentially expressed between samples in different experimental conditions.
8
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Gene set enrichment analysis (GSEA) is used to analyze the expression of genes in biological
pathways. GSEA provides insights into biological processes or pathways based on the
differential expression of samples under different experimental conditions.

II.

METHODS

RNA-Seq data was processed with the RNA-Seq workflow that run on the High
Performance Computing (HPC) system of San Jose State University. The overall workflow is
shown in Figure 1.
2.1 Preprocessing data
2.1.1

Raw Reads Quality Control
FastQC version 0.11.9 is used as a quality control tool for raw sequencing data; it is

used to evaluate the quality of FASTQ files input. FastQC provides an HTML output file
with metrics to evaluate the quality of input data, including sequence duplication levels,
adapter content, per base sequence quality, per sequence quality scores, and per sequence GC
content. These metrics will be used to determine the next steps of workflow depending on the
quality of raw data such as deduplicating or adapter trimming [29].
In this project, MultiQC version 1.4 was used for summarizing bioinformatics
analysis results for multiple samples. MultiQC collects the results from preprocessing tools
such as FastQC and summarizes in HTML format for better visualization and analysis.
MultiQC takes the input of many bioinformatics tools such as FastQC, STAR, featureCounts,
Picard, and samtools [30]. FastQC and MultiQC are chosen for quality control since they are
easy to install, apply, and interpret the results.
9
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2.1.2

Adapters Trimming
Fastp version 0.12.4 is a preprocessing tool that can be used for adapter trimming.

Fastp uses the adapter-sequence detection algorithm to detect the adapters in the read tails of
FASTQ input files. The algorithm assumes the existence of only one adapter sequence in the
input data, and the adapter only locates in the read tails. Adapter seeds are generated from the
high frequency sequences (>0.0001) in k-mer (k = 10) of the first N reads (N = 1M). After
sorting adapter seeds based on occurrence frequencies, the read adapter is determined using a
tree-based algorithm. In the tree-based algorithm, forward extension of the adapter seed is
applied to check the validity of the adapter, and backward extension is used to obtain the real
full adapter. In single-end sequences, adapters are determined by the high frequency at read
tails. In paired-end sequences, the detection is based on the overlap of adapters on each pair
[31]. Due to the detection algorithm of fastp, users are not required to provide the adapter
sequences when using the tool. The tool can auto-detect and remove the adapters and lowquality bases from the ends of the reads to generate FASTQ files output.
According to the FastQC results, raw sequencing data contained universal adapters
that need to be removed. Universal adapters are Illumina-compatible DNA fragments ligated
to the 3’ or 5’ end of DNA molecule. fastp (0.12.4) was used to remove universal adapters in
the raw sequences. Besides returning trimmed sequences, fastp returned an HTML output
providing information of adapters and statistics of sequences before and after trimming.
Default phred quality score of fastp is 15 representing 3% of error rate. To check the quality
of the trimmed sequences, MultiQC was used to summarize the results of sequences to
ensure the elimination of universal adapters in sequences.
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2.1.3

Mapping and Indexing Genome
STAR (Spliced Transcripts Alignment to a Reference) version 2.7.7a was used to

map trimmed sequences against a reference genome. STAR is a splice-ware mapping tool
that searches for the longest matching fragments along the reference genome and joins
fragments by clustering and best alignment scoring. STAR aligns non-contiguous sequences
to the refence genome using two steps: seed searching and clustering/stitching/scoring. In
seed searching, STAR searches for the longest sequence that matches one or more locations
on the reference genome, Maximal Mappable Prefixes (MMPs), and the unmapped position
with the next longest sequences that match the reference genome. If STAR cannot find a
good alignment, it will soft clip the ends of high mismatching bases to remove poor quality
bases or adapters. The seeds are clustered together based on the proximity of a selected
“anchor” seed. Finally, the seeds are stitched together using a scoring scheme for matches,
mismatches, insertions, and deletions for the best alignment of the reads. With this sequential
searching of the unmapped position algorithm, STAR can be efficient for large reference
genome [32]. The reference genome annotation is provided in Gene Transfer Format (GTF)
with information about the structure of genes. The output can be in (Binary Alignment MAP)
BAM file or (Sequence Alignment Map) SAM file. The output SAM/BAM files can be
indexed using tool such as samtools for fast access in the next preprocessing step.
The trimmed sequences were mapped against the reference genome obtained from
FlyBase, FB2020_04, dmel.r6.35v version. STAR used FASTA file and genome annotation
file (GTF) to generate a genome and used this genome to map trimmed RNA sequences.
STAR was set in alignReads Mode, SortedByCoordinate for bam files output. The results
were bam files were sorted by genomic coordinates. The mapped sequences were indexed
11
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using samtools index version 1.7, which produces the .bai files.
2.1.4

Mark Duplicates
Picard version 2.26.10 was used to remove duplicates using the command line

MarkDuplicates. MarkDuplicates marks and removes duplicates sequences from SAM/BAM
files by comparing the 5’ positions of reads and pair-reads. To differentiate duplicates,
MarkDuplicates ranks reads of the primary and duplicates by sum of base quality scores. The
input SAM/BAM files with identified duplicates can be sorted by coordinates or query. With
coordinates sorting, only unmapped mates are marked as duplicates. With query sorting,
unmapped mates, secondary alignments, or supplementary are all marked duplicates [33].
After alignment, the mapped sequences are removed duplicates using
MarkDuplicates. MarkDuplicates was set with REMOVE_DUPLICATES=true to remove
duplicates in sequences. The output is in BAM file format.
2.1.5

Read Quantification
featureCounts is a quantification tool written for both Unix with Subread package and

R with Rsubread package. featureCounts takes aligned input files in SAM/BAM format and
an annotation file of the reference genome. featureCounts identifies both features and metafeatures in which features accounts for an interval such as exon, meta-features accounts for
genes on the reference sequence. For any overlap between reads and a feature based on
mapping location, featureCounts counts it as a hit. For a multi-overlap with more than one
overlaps on features or meta-features, reads are counted based on experiment type. For RNAseq, overlaps are not counted since one feature should be counted for only one target gene.
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featureCounts works for both single-end and paired-end sequences. It is also efficient in
terms of processing time and usage memory compared to other tools [34].
This project used featureCounts version 2.0.1. Providing the same annotation file
(GTF) of FB2020_04, dmel.r6.35v version, featureCounts was set with “gene_id” in pairedend mode.
2.2 Gene Expression Analysis
2.2.1

Differential Expression Analysis
DESeq2 is a R package in Bioconductor that detects differential expression. DESeq2

takes the raw counts data, normalizes counts based on the library depth of the data, calculates
gene-wise dispersion, fits curve and shrinks gene-wise dispersion estimates, and finally fits
data to the Negative Binomial model and performs the Wald test. The dispersion estimates
the variability of data using variance and mean. Dispersion has an inverse relationship with
mean counts and a direct relationship with variance, meaning data with small mean counts
has higher dispersion and vice versa. In the experiment with a few biological replicates,
dispersion differs among genes with similar means preventing accurate estimation of
variation between replicates. To solve this problem, DESeq2 calculates dispersion using
maximum likelihood estimation in which genes with similar expression levels will have
similar dispersion. In RNA-seq data, genes usually have large variance and small mean
across replicates. For the dataset with mean < variance, Negative Binomial model is an
appropriate model. DESeq2 uses the Wald test for hypothesis testing to compare two groups
with null hypothesis of no differential expression between two groups (control and treated
groups). DESeq2 returns a result table with baseMean, log2foldChange (LFC), lfcSE, stat,
13
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pvalue, padj. LFC describes the log-ratio (log2) changes between two comparing groups with
null hypothesis (LFC = 0). Along with LFC, both p-value of the Wald test and adjusted pvalue using Benjamini-Hochberg method are used to filter the result. Since p-value only
accounts for false positives in a single test, the adjusted p-value accounts for false discovery
rate (FDR) in multiple testing. For example, FDR < 0.1 means that 10% of differentially
expressed genes is false positives [35].
In this project, DESeq2 was conducted in R version 4.2.1, the results of each
comparison were filtered with p-value < 0.05, padj < 0.01.
2.2.2

Gene Set Enrichment Analysis (GSEA)
Gene set enrichment analysis (GSEA) is used to analyze the expression of genes in

biological pathways. The GSEA tool used is fast preranked gene set enrichment analysis
(fgsea), a package in R. The result from DESeq2 have to be ranked based on LFC, p-value,
or p-adj before processing fgsea [36]. An enrichment score (ES) measures the
overrepresentation of genes in the ranked list calculated from DESeq2 result. Positive ES
means the gene set enrichment is up-regulated and negative ES means the gene set
enrichment is down-regulated. Normalized enrichment score (NES) is the normalization of
ES based on different sizes of the dataset and differences across comparing gene sets. fgsea
also returns p-value and p-adj for FDR for the associated pathway [37]. In GSEA,
LeadingEdge genes represent the biological enrichment and account for the enrichment score
in GSEA [36].
In GSEA, the Molecular Signatures Database (MSigDB) was used to provide nine
collections of gene sets. This project used two collections: Gene Ontology Biological Process
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(GOBP) and Gene Ontology Cellular Component (GOCC) with the genome annotation for
fly, “org.Dm.eg.db” from Bioconductor [38].
Using DESeq2 results, the rank of genes for top 10 up-regulated and top 10 downregulated pathways have been determined using fgsea. The Gene Ontology Biological
Pathway (GOBP) and Gene Ontology Component Cellular (GOCC) subcategory of MSigBD
for D. melanogaster have been used. Function plotGseaTable plotted top 10 up-regulated and
top 10 down-regulated pathways of each comparison associated with NES, pvalue, and padj.
Figure 2 showed an example of GSEA results using the function plotGseaTable. Names of
pathways are shown on the left and the associated gene ranks, NES, pvalue, and padj are on
the right. The first 10 pathways are up-regulated pathways with positive NES and the rest are
10 down-regulated pathways with negative NES. To gain further insights into a specific
pathway, an enrichment plot using function plotEnrichment was generated. The enrichment
plot presented the rank of leading-edge genes in the pathway, number of black dashes at 0.0
enrichment score is the number of leading-edge genes involved in the pathway. Figure 3
showed an example of an enrichment plot of a pathway using function plotEnrichment.
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Pathway

Gene ranks

NES

pval

padj

GOCC_ORGANELLE_INNER_MEMBRANE

2.21

2.2e-09

1.6e-07

GOCC_MITOCHONDRIAL_ENVELOPE

2.07

5.9e-09

3.4e-07

GOCC_MITOCHONDRIAL_PROTEIN_CONTAINING_COMPLEX

2.21

2.4e-07

1.0e-05

GOCC_INNER_MITOCHONDRIAL_MEMBRANE_PROTEIN_COMPLEX

2.29

1.9e-06

6.6e-05

GOCC_MITOCHONDRION

1.66

3.7e-06

1.1e-04

GOCC_MITOCHONDRIAL_MATRIX

1.98

4.2e-06

1.2e-04

GOCC_OXIDOREDUCTASE_COMPLEX

2.28

1.1e-05

2.9e-04

GOCC_RESPIRASOME

2.27

1.2e-05

3.0e-04

GOCC_RIBOSOMAL_SUBUNIT

2.04

4.9e-05

9.4e-04

GOCC_ACROSOMAL_MEMBRANE

2.08

2.9e-04

4.6e-03

GOCC_SYNAPTIC_MEMBRANE

-2.78

3.1e-10

2.9e-08

GOCC_DENDRITIC_TREE

-2.51

1.2e-10

1.2e-08

GOCC_AXON

-2.48

3.5e-11

4.1e-09

GOCC_NUCLEAR_BODY

-2.46

3.8e-12

5.0e-10

GOCC_POSTSYNAPSE

-2.61

3.2e-12

5.0e-10

GOCC_SYNAPSE

-2.39

5.0e-14

9.3e-12

GOCC_NUCLEAR_PROTEIN_CONTAINING_COMPLEX

-2.45

1.1e-15

2.6e-13

GOCC_NEURON_PROJECTION

-2.56

1.8e-16

5.7e-14

GOCC_CHROMATIN

-3.14

2.0e-22

9.1e-20

-3.17

4.0e-29

3.7e-26

GOCC_CHROMOSOME
0

1000

2000

3000

4000
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Figure 2. Example of GSEA results using plotGseaTable

WT_BPS_GOCC_SYNAPTIC_MEMBRANE

enrichment score
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−0.4

0

2000

4000
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Figure 3. Example of enrichment plot of a pathway using plotEnrichment
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2.2.3

DAVID Bioinformatics Resources
DAVID is a free online tool developed by Laboratory of Human Retrovirology and

Immunoinformatics (LHRI). DAVID provides enriched biological pathways, enriched
functional-related genes, functional domains and motifs, annotation terms, and visualization
of the list of genes to determine the biological function of genes [39], [40].

III.

RESULTS

3.1 Preprocessing Results
3.1.1

Read Quality and Trimming
In FastQC results of raw RNA-Seq data, HTML files showed the visualization of the

adapter content of each sample. It indicated the presence of Illumina Universal adapters in
raw samples. The trimming process is necessary to eliminate universal adapters. For better
visualization of multiple samples, MultiQC was used. Figure 2 shows the MultiQC results of
raw sequences. Before trimming, the adapter content was up to 20% of sequences (Fig. 4A).
After using fastp for trimming, the percentage of adapter content was less than 1% which
could be negligible (Fig. 4B).
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B

A

A

Figure 4. Sequencing adapter contents in (A) Read before trimming (B) Reads after trimming

3.1.2

Mapping and Removing Duplicates
Trimmed sequences were mapped against the reference genome using STAR.

MultiQC plot shows the result of mapping percentage. More than 90% of sequences were
uniquely mapped to the reference genome (Fig. 5). Less than 10% of sequences were
unmapped reads, which meant the majority of reads still remained for processing.
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Figure 5. RNA-Seq reads alignment results

After being mapped against the reference genome, mapped reads were processed
using picard MarkDuplicates to remove duplicates. Table 2 shows the remaining reads after
removing duplicates. Figure 4 shows the MultiQC result before and after removing
duplicates. In MultiQC, % library represented the percentage of total sequences if removing
duplicates. Before removing duplicates, the percentage of unique fragments was only 25%
(Fig. 6A). After removing duplicates, the percentage of unique fragments was about 60%
(Fig. 6B). Table 2 shows the remaining reads after removing duplicates. All samples still had
more than 50% of the remaining reads (Table 2). The number of remaining reads was high
enough for the next steps.
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A

B

Figure 6. Sequence duplication levels (A) Read before removing duplicates (B) Reads after
removing duplicates
Table 2. MarkDuplites Results
Sample

Mapped Read (%)

Duplicated Reads (%)

Remaining Reads (%)

WT_1a_ctl

93.83

42.22

57.78

WT_1b_ctl

93.67

42.40

57.6

WT_1c_ctl

94.79

39.07

60.93

WT_2a_BPA

94.55

34.92

65.08

WT_2b_BPA

94.64

39.85

60.15

WT_2c_BPA

94.85

40.44

59.56

WT_3a_BPF

94.18

36.73

63.27

WT_3b_BPF

94.65

41.92

58.08

WT_3c_BPF

94.62

44.54

55.46

WT_4a_BPS

95.06

44.55

55.45

WT_4b_BPS

94.50

49.99

50.00

WT_4c_BPS

94.99

49.58

50.42
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3.1.3

Quantification
In quantification results, the number of reads assigned to the reference genome using

featureCounts was high. At least 12M of reads was assigned to gene features for each sample
(Fig. 7). In percentage, around 80% of reads were quantified for each sample (Fig. 8)

Figure 7. Gene expression quantification plot (Number of reads aligned to gene features)
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Figure 8. Gene expression quantification plot (Percentage of reads aligned to gene features)
3.2 Gene Expression Analysis
3.2.1

Differential Gene Expression Analysis
Figure 9 is the Principal Component Analysis (PCA) plot showing the gene

expression similarity between the samples. The plot was generated using variance stabilizing
transformation (vst) of normalized counts from DESeq2 results. Four clusters were
associated with four groups of samples (wild-type, BPA_exposed, BPF_exposed,
BPS_exposed). The percentage of variance indicated the difference between samples and
clusters. According to the plot, wild-type and BPA_exposed samples were more similar to
each other while BPF_exposed and BPS_exposed samples were different from wild-type
(Fig. 9).
22

THE IMPACT OF BISPHENOL A AND ITS ANALOGUES ON NEURODEVELOPMENT TRANSCRIPTOMES IN DROSOPHILA MELANOGASTER

Figure 9. Principle component analysis of gene expression data of wild-type and BPA/BPF/BPS
treated samples

For each comparison between groups of samples listed in Table 3, DESeq2 returned
tables of gene_ID associated with log2foldChange (LFC), pvalue, padj. A summary of
DEseq2 results of each comparison is shown in Table 3, including LFC, outliers, and low
counts. LFC > 0 is up-regulated genes, LFC < 0 is down-regulated genes.

Table 3. Number of statistically significantly differentially expressed gene identified by DESeq2
(p < 0.05, padj < 0.01)

Comparison

LFC > 0 (Up)

LFC < 0 (Down)

Low counts
Outliers

wild-type vs. BPA_exposed

57 (97%)

2 (3.4%)

0 (0%)

0 (0%)

wild-type vs. BPF_exposed

1149 (68%)

548 (32%)

0 (0%)

0 (0%)

wild-type vs. BPS_exposed

3075 (58%)

2231 (42%)

0 (0%)

0 (0%)
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3.2.2

Gene Set Enrichment Analysis (GSEA)

3.2.2.1 Wild-type vs. BPA_exposed
The DESeq2 result for wild-type vs. BPA_exposed only showed 59 statistically
significantly differentially expressed (DE) genes with 57 up-regulated genes and two downregulated genes. Since the results did not show a lot of differentially expressed genes, there
were not enough genes for GSEA. The heatmap from the z-scale normalized counts of
leading-edge genes was generated to visualize the DE pattern of genes in wild-type vs.
BPA_exposed samples. A positive z-score indicates that the score is above the mean, and a
negative z-score indicates that the score is below the mean. In the heatmap, genes with
positive z-score are shown in red, and genes with negative z-score are shown in blue. The
heatmap shows 57 up-regulated genes (red) and two down-regulated genes in BPA_exposed
samples (blue) compared to wild-type. The gene symbols are on the right y-axis, and the
sample conditions are on the x-axis (Fig. 10).
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Figure 10. Heatmap of normalized count of statistically significantly DE in wild-type vs.
BPA_exposed (p < 0.05, padj < 0.01)

To analyze 59 DE genes, DAVID Bioinformatics Resources was used. The results
were included Functional Annotation Cluster (Fig. 11), Functional Annotation Chart (Fig.
12), and Annotation Table (Fig. 13) of 59 genes. Both cluster and chart did not show
biological pathways related to neurodevelopment. However, the Functional Annotation Table
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showed that sad (shadow) gene is involved in central nervous system development, motor
axon guidance, and head evolution in GOTERM_BP_DIRECT (Fig. 13). Those pathways are
responsible for the development of central nervous system, axon pathfinding, and the
movement of ectoderm in embryo. The mutation in sad affects head evolution and dorsal
closure [41].

Figure 11. Functional Annotation Clustering of 59 DE genes in wild-type vs. BPA_exposed
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Figure 12. Functional Annotation Chart of 59 DE genes in wild-type vs. BPA_exposed

Figure 13. Functional Annotation Table of shadow (sad) in wild-type vs. BPA_exposed
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3.2.2.2 Wild-type vs. BPF_exposed
Figure 14 shows the GSEA results of GOBP pathways in wild-type vs. BPF_exposed.
All pathways have significantly low pvalue and padj. Top 10 up-regulated pathways have
positive NES and top 10 down-regulated pathways have negative NES. Two neurological
pathways, GOBP_REGULATION_OF_TRANS_SYNAPTIC_SIGNALING and
GOBP_SYNAPTIC_SIGNALING, are down-regulated in BPF_exposed compared to wildtype (Fig. 14).

NES

pval

padj

GOBP_CELL_CELL_RECOGNITION

Pathway

Gene ranks

1.83

2.1e-03

8.0e-02

GOBP_SPERM_EGG_RECOGNITION

1.83

2.1e-03

8.0e-02

N_OF_SPERM_TO_EGG_PLASMA_MEMBRANE_INVOLVED_IN_SINGLE_FERTILIZATION

1.75

4.4e-03

1.3e-01

GOBP_PLASMA_MEMBRANE_FUSION

1.75

4.4e-03

1.3e-01

GOBP_GLYCOSIDE_METABOLIC_PROCESS

1.51

6.3e-03

1.7e-01

GOBP_DEFENSE_RESPONSE_TO_GRAM_POSITIVE_BACTERIUM

1.64

9.9e-03

2.4e-01

GOBP_BINDING_OF_SPERM_TO_ZONA_PELLUCIDA

1.59

1.9e-02

3.4e-01

GOBP_OLIGOSACCHARIDE_METABOLIC_PROCESS

1.64

2.2e-02

3.7e-01

GOBP_CYTOLYSIS

1.56

2.6e-02

4.1e-01

GOBP_KILLING_OF_CELLS_OF_ANOTHER_ORGANISM

1.56

2.7e-02

4.1e-01

GOBP_CELLULAR_MACROMOLECULE_LOCALIZATION

-2.16

2.2e-08

1.2e-05

GOBP_REGULATION_OF_TRANS_SYNAPTIC_SIGNALING

-2.94

2.1e-08

1.2e-05

GOBP_DNA_CONFORMATION_CHANGE

-3.31

6.3e-09

4.4e-06

GOBP_REGULATION_OF_CHROMOSOME_ORGANIZATION

-3.26

6.3e-09

4.4e-06

E_REGULATION_OF_NUCLEOBASE_CONTAINING_COMPOUND_METABOLIC_PROCESS

-2.52

4.1e-09

3.8e-06

GOBP_DNA_REPLICATION

-3.34

2.2e-09

2.5e-06

GOBP_SYNAPTIC_SIGNALING

-2.89

1.6e-09

2.1e-06

GOBP_DNA_REPAIR

-3.45

3.4e-11

6.3e-08

GOBP_DNA_METABOLIC_PROCESS

-3.31

5.8e-13

1.6e-09

GOBP_CHROMOSOME_ORGANIZATION

-3.45

4.6e-13

1.6e-09

0
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Figure 14. GSEA results for GOBP pathways of wild-type vs. BPF_exposed in D. melanogaster

To gain insights into a specific pathway, the enrichment plots and the heatmaps for
normalized counts of leading-edge genes of the pathway are generated. In the enrichment
plots, the enrichment score is on the left y-axis, and the leading-edge genes rank is on the x-
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axis. The number of black dashes on the rank line represents leading-edge genes in the
pathway. The green line represents the running of ES along the ranked list; the peak is the
final value of ES. The z-scale heatmap for normalized counts of leading-edge genes provides
the DE pattern of leading-edge genes of Wild-type and comparing samples. Positive z-scores
are shown in red, and negative z-scores are shown in blue. The size of leading-edge genes,
which is the number of leading-edge genes involved in the pathway, is shown in Table 4
(page 34).
Two neurodevelopmental pathways of wild-type vs. BPF_exposed samples are shown
in Figure 15 and Figure16. GOBP_REGULATION_OF_TRANS_SYNAPTIC_SIGNALING
pathway is down-regulated in BPF_exposed samples compared to wild-type. The enrichment
plot shows negative ES (Fig. 15A); and the heatmap shows negative z-scores of the leadingedge genes (Fig. 15B). Both the enrichment plot and the heatmap show the down-regulation
of GOBP_SYNAPTIC_SIGNALING pathway in BPF_exposed samples compared to wildtype with negative ES (Fig. 16A) and negative z-scores of the leading-edge genes (Fig. 16B).
The z-scale heatmap clearly shows the gene expression contrast between wild-type and BPF_
exposed samples in both pathways.
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B

A

Figure 15. GOBP_REGULATION_OF _TRANS_SYNAPTIC_SIGNALING pathway of wildtype vs. BPF_exposed (A) Enrichment plot (B) Heatmap for normalized counts of leading-edge
genes of the pathway.

B

A

Figure 16. GOBP_SYNAPTIC_SIGNALING pathway of wild-type vs. BPF_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.
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Six neurological pathways found in the GSEA GOCC collection for wild-type vs.
BPF_exposed samples: GOCC_SOMATODENDRITIC_COMPARTMENT,
GOCC_POSTSYNAPTIC_MEMBRANE, GOCC_POSTSYNAPSE,
GOCC_NEURON_PROJECTION, GOCC_SYNAPSE, and
GOCC_SYNAPTIC_MEMBRANE (Fig. 17). Enrichment plots and heatmaps of each
pathway can be found in the Appendix A. All neurological pathways were down-regulated in
the BPF_exposed samples.

NES

pval

padj

GOCC_LYSOSOMAL_LUMEN

Pathway

Gene ranks

1.49

5.5e-02

3.2e-01

GOCC_RESPIRASOME

1.51

6.1e-02

3.5e-01

GOCC_ACROSOMAL_MEMBRANE

1.41

6.6e-02

3.7e-01

GOCC_SPERM_PLASMA_MEMBRANE

1.41

6.6e-02

3.7e-01

GOCC_ENDOSOME_LUMEN

1.33

1.1e-01

5.0e-01

GOCC_TERTIARY_GRANULE_LUMEN

1.39

1.3e-01

5.3e-01

GOCC_SPECIFIC_GRANULE_LUMEN

1.38

1.3e-01

5.3e-01

GOCC_ENDOCYTIC_VESICLE_LUMEN

1.36

1.4e-01

5.4e-01

GOCC_PHAGOCYTIC_VESICLE_LUMEN

1.29

1.4e-01

5.5e-01

GOCC_ANCHORED_COMPONENT_OF_PLASMA_MEMBRANE

1.21

1.8e-01

6.4e-01

GOCC_MICROTUBULE_CYTOSKELETON

-2.01

6.6e-06

4.5e-04

GOCC_CHROMOSOME_TELOMERIC_REGION

-2.57

5.9e-06

4.5e-04

GOCC_SOMATODENDRITIC_COMPARTMENT

-2.27

5.3e-06

4.5e-04

GOCC_POSTSYNAPTIC_MEMBRANE

-2.82

8.4e-07

8.1e-05

GOCC_POSTSYNAPSE

-2.70

6.5e-07

7.3e-05

GOCC_NEURON_PROJECTION

-2.15

4.4e-07

6.0e-05

GOCC_SYNAPSE

-2.07

3.9e-07

6.0e-05

GOCC_SYNAPTIC_MEMBRANE

-2.96

5.3e-08

1.2e-05

GOCC_CHROMATIN

-3.03

2.1e-08

7.2e-06

GOCC_CHROMOSOME

-3.01

4.8e-15

3.2e-12
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Figure 17. GSEA results for GOCC pathways of wild-type vs. BPF_exposed in D. melanogaster
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3.2.2.3 Wild-type vs. BPS_exposed
Three neurological pathways found in the GSEA GOBP collection for wild-type vs.
BPS_exposed: GOBP_NEURON_DEVELOPMENT, GOBP_NEUROGENESIS,
GOBP_NEURON_DIFFERENTIATION (Fig. 18). All pathways are down-regulated in
BPS_exposed samples. The detailed enrichment plots and leading-edge genes heatmaps can
be found in the Appendix B.

NES

pval

padj

GOBP_ORGANIC_ACID_METABOLIC_PROCESS

Pathway

Gene ranks

2.65

5.9e-19

7.0e-16

GOBP_SMALL_MOLECULE_METABOLIC_PROCESS

2.17

1.6e-14

6.5e-12

GOBP_MONOCARBOXYLIC_ACID_METABOLIC_PROCESS

2.62

2.0e-13

6.6e-11

GOBP_ORGANIC_ACID_BIOSYNTHETIC_PROCESS

2.70

1.7e-10

2.7e-08

GOBP_SMALL_MOLECULE_CATABOLIC_PROCESS

2.52

1.9e-10

2.9e-08

GOBP_ALPHA_AMINO_ACID_METABOLIC_PROCESS

2.59

1.0e-09

1.3e-07

GOBP_FATTY_ACID_METABOLIC_PROCESS

2.42

8.1e-09

8.7e-07

GOBP_CELLULAR_AMINO_ACID_METABOLIC_PROCESS

2.41

8.4e-09

8.9e-07

GOBP_SMALL_MOLECULE_BIOSYNTHETIC_PROCESS

2.26

1.0e-08

1.1e-06

GOBP_ORGANIC_ACID_CATABOLIC_PROCESS

2.41

1.9e-07

1.3e-05

GOBP_CELL_CYCLE

-2.34

7.5e-16

4.9e-13

GOBP_POSITIVE_REGULATION_OF_TRANSCRIPTION_BY_RNA_POLYMERASE_II

-2.73

3.2e-16

2.3e-13

GOBP_NEURON_DEVELOPMENT

-2.63

2.4e-16

1.9e-13

E_REGULATION_OF_NUCLEOBASE_CONTAINING_COMPOUND_METABOLIC_PROCESS

-2.40

3.2e-17

2.8e-14

GOBP_POSITIVE_REGULATION_OF_RNA_METABOLIC_PROCESS

-2.54

1.2e-18

1.2e-15

GOBP_CELL_PROJECTION_ORGANIZATION

-2.62

4.6e-19

6.6e-16

GOBP_CHROMOSOME_ORGANIZATION

-2.85

3.4e-19

6.2e-16
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1.1e-17

GOBP_NEUROGENESIS

-2.63
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Figure 18. GSEA results for GOBP pathways of wild-type vs. BPS_exposed in D. melanogaster

Six neurological pathways found in GOCC collection of wild-type vs. BPS_exposed:
GOCC_SYNAPTIC_MEMBRANE, GOCC_DENDRITIC_TREE, GOCC_AXON,
GOCC_POSTSYNAPSE, GOCC_SYNAPSE, GOCC_NEURON_PROJECTION (Fig. 19).
The insight enrichment plots and heatmaps of leading-edge genes of each pathway can be
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found in the Appendix B. All pathways are down-regulated in BPS_exposed samples.

NES

pval

padj

GOCC_ORGANELLE_INNER_MEMBRANE

Pathway

Gene ranks

2.21

2.2e-09

1.6e-07

GOCC_MITOCHONDRIAL_ENVELOPE

2.07

5.9e-09

3.4e-07

GOCC_MITOCHONDRIAL_PROTEIN_CONTAINING_COMPLEX

2.21

2.4e-07

1.0e-05
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Figure 19. GSEA results for GOBP pathways of wild-type vs. BPS_exposed in D. melanogaster

Table 4 showed the size of leading-edge genes on each neurological pathway. Size of
leading-edge genes is the number of genes involved in the pathway and drove the enrichment of
the pathway.
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Table 4. Size of leading-edge genes in neurological pathways

Comparison

Pathway

Size of
leadingedge genes

wild-type vs. BPF_exposed

GOBP_SYNAPTIC_SIGNALING

64

wild-type vs. BPF_exposed

GOBP_REGULATION_OF_TRANS_SYNAPTIC_SIGNALING

41

wild-type vs. BPF_exposed

GOCC_SYNAPSE

120

wild-type vs. BPF_exposed

GOCC_NEURON_PROJECTION

108

wild-type vs. BPF_exposed

GOCC_POSTSYNAPTIC_MEMBRANE

21

wild-type vs. BPF_exposed

GOCC_SYNAPTIC_MEMBRANE

35

wild-type vs. BPF_exposed

GOCC_SOMATODENDRITIC_COMPARTMENT

69

wild-type vs. BPF_exposed

GOCC_POSTSYNAPSE

54

wild-type vs. BPS_exposed

GOBP_NEURON_DEVELOPMENT

279

wild-type vs. BPS_exposed

GOBP_NEURON_DIFFERENTIATION

340

wild-type vs. BPS_exposed

GOBP_NEUROGENESIS

406

wild-type vs. BPS_exposed

GOCC_AXON

186

wild-type vs. BPS_exposed

GOCC_SYNAPTIC_MEMBRANE

92

wild-type vs. BPS_exposed

GOCC_POSTSYNAPSE

166

wild-type vs. BPS_exposed

GOCC_SYNAPSE

328

wild-type vs. BPS_exposed

GOCC_NEURON_PROJECTION

321

wild-type vs. BPS_exposed

GOCC_DENDRITIC_TREE

165

IV.

DISCUSSION

4.1 BPF and BPS exposure cause more effects on the neurological system compared to BPA
exposure
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After performing differential expression analysis and gene set enrichment analysis
between wild-type, BPA_exposed, BPF_exposed, and BPS_exposed, BPF and BPS exposure
have more differential expressed genes than BPA exposure compared to wild-type. In
BPA_exposed samples, only 59 genes are statistically differentially expressed compared to
wild-type, with 57 up-regulated genes and two down-regulated genes. Meanwhile, the
number of differentially expressed genes is much higher in both wild-type vs. BPF_exposed
and wild-type vs. BPS_exposed. More pathways are found to be differentially expressed in
GOBP and GOCC collections. The number of leading-edge genes is more than 20 genes on
each pathway (Table 4). With that, BPF and BPS exposure affect more genes and pathways
related to neurodevelopment compared to BPA exposure.
4.2 Down-regulated gene expression affects synaptic signaling, neuron development, and
axon pathfinding in BPF and BPS exposed samples compared to wild-type
All neurological pathways were down-regulated in both BPF_exposed and
BPS_exposed samples compared to wild-type. As an enrichment score (ES) represents the
overrepresentation of genes in the ranked list calculated from DESeq2 result, negative ES
means the gene set enrichment is down-regulated. All enrichment scores of neurological
pathways are negative indicating the down-regulation of pathways. Meanwhile, the heatmaps
for normalized counts of leading-edge genes on neurological pathways show negative
z_score in BPF_exposed and BPS_exposed samples. A negative z-score indicates that the
score is below the mean. Z-scores of normalized counts of leading-edge genes in
BPF_exposed and BPS_exposed samples are negative meaning genes are down-regulated
compared to the genes in wild-type with positive z-scores.
In general, down-regulation of gene expression can suppress transcription and
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translation of a protein that interferes with the process of receptor binding and signaling.
GOCC_SYNAPSE, GOCC_NEURON_PROJECTION,
GOCC_POSTSYNAPTIC_MEMBRANE,
GOCC_SOMATODENDRITIC_COMPARTMENT, GOCC_SYNAPTIC_MEMBRANE,
GOCC_AXON, GOCC_POSTSYNAPSE, GOCC_SYNAPSE, GOCC_DENDRITIC_TREE,
and GOCC_NEURON_PROJECTION are cellular component pathways related to nerve cell,
axon, dendrite, synapse, post synapse, and neurotransmitters. Meanwhile,
GOBP_SYNAPTIC_SIGNALING,
GOBP_REGULATION_OF_TRANS_SYNAPTIC_SIGNALING,
GOBP_NEURON_DEVELOPMENT, GOBP_NEUROGENESIS,
GOBP_NEURON_DIFFERENTIATION are biological process pathways involved in cell to
cell signaling, generation, and development of cells in the nervous system [38]. GSEA
indicates the effects of BPF and BPS exposure on synaptic signaling, axon pathfinding, and
neurodevelopment.
4.3 Neurodevelopmentally significant genes
Among 17 down-regulated neurological pathways observed in BPF_ exposed and
BPS_exposed samples, many leading-edge genes occurred in multiple pathways. Genes
occurring in multiple pathways can affect the differential expression of different exposed
samples. 31 leading-edge genes that occurred in more than eight neurological pathways and
their functions related to neurodevelopment [41]. Some genes are related to learning and
memory, such as Dop1R1, Nmdar2, Nf1, Nrx-1, and Drop2R. Some are associated with axon
guidance and synaptic signaling, such as Cdk5𝛼, dg, Frq1, and Nlg3. Some genes are related
to neurodevelopmental diseases such as Dscam2 with Down syndrome. Detailed functions of
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31 genes are shown in the Appendix C.
Nmdar2, futsch, Dop2R, and syn are genes with the highest frequency in the GSEA
results. Those genes play essential roles in the neurological regulation of D. melanogaster.
Nmdar2 is one of N-methyl-D-aspartate (NMDA) receptors in D. melanogaster. Nmdar2 is
expressed in neurons surrounding the dendritic region of mushroom bodies. Since mushroom
bodies have an crucial role in olfactory learning, the presence of Nmdar2 is required for
olfactory learning and long term memory in D. melanogaster [42]. fustch is the protein that
structures with MAP1B, a microtubule-associated protein. fustch only expresses at the larval
neuromuscular junction. fustch is essential for axonal and dendritic growth and regulates
neurotransmitter release. The mutation of fustch disrupts synaptic microtubule organization
and synaptic button [43], [44], [45]. Dop2R (Dopamine 2-like receptor) is a G protein
couple-coupled receptor occurred in both mammals and D. melanogaster. In D.
melanogaster, Dop2R regulates the response to addictive drugs, sexual behavior, locomotor
activity, learning and memory [46]. syn is a neuronal phosphoprotein occurred in both
invertebrate and vertebrate organisms. It regulates neurotransmitter release at the presynaptic
terminal, synapse function and plasticity [47].
4.4 Future Studies
Humans are exposed to thousands of chemicals, many of which are not investigated
well in terms of their effects on human health. BPA is one of the ubiquitous chemicals
harmful to humans. To reduce the risk of BPA on humans, BPA analogues are widely used
for BPA replacement and have also become ubiquitous. The impact of BPA analogues on
human health needs to be investigated for deeper understanding and wise use of BPA
analogues in the industry. The findings of this project suggest that BPA analogues, BPF and
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BPS, might not be safe to use as BPA replacements in manufacturing and BPA-free products.
The negative impact of BPF and BPS on neurological pathways appears to be more
significant compared to BPA since BPF and BPS exposure affect more pathways and
leading-edge genes in the pathways.
Further research can be done on other alternatives of BPA, such as BPAF, for further
understanding of BPA analogues and their effects on neurodevelopment. Besides
neurodevelopment, the impact of BPA analogues on other health issues can be done such as
reproductive health. In fact, in the GSEA results of GOBP pathways in wild-type vs.
BPF_exposed showed some biological process pathways directly related to reproductive
health such as GOBP_SPERM_EGG_RECOGNITION,
GOBP_BINDING_OF_SPERM_TO_ZONA_PELLUCIDA,
GOBP_FUSION_OF_SPERM_TO_EGG_PLASMA_MEMBRANE_INVOLVED_IN_SIN
GLE_FERTILIZATION (Fig. 14).
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APPENDIX A
A

B

Figure A1. GOCC_SOMATODENDRITIC_COMPARTMENT pathway of wild-type vs.
BPF_exposed (A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes
of the pathway.
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B

A

Figure A2. GOCC_POSTSYNAPTIC_MEMBRANE pathway of wild-type vs.
BPF_exposed (A) Enrichment plot (B) Heatmap for normalized counts of leading-edge
genes of the pathway.

A

B

Figure A3. GOCC_POSTSYNAPSE pathway of wild-type vs. BPF_exposed (A) Enrichment
plot (B) Heatmap for normalized counts of leading-edge genes of the pathway.
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B

A

Figure A4. GOCC_NEURON_PROJECTION pathway of wild-type vs. BPF_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.

A

B

Figure A5. GOCC_SYNAPSE pathway of wild-type vs. BPF_exposed (A) Enrichment plot
(B) Heatmap for normalized counts of leading-edge genes of the pathway.
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A

B

Figure A6. GOCC_SYNAPTIC_MEMBRANE pathway of wild-type vs. BPF_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.
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APPENDIX B
A

B

Figure B1. GOBP_NEURON_DEVELOPMENT pathway of wild-type vs. BPS_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.
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A

B

Figure B2. GOBP_NEUROGENESIS pathway of wild-type vs. BPS_exposed (A) Enrichment
plot (B) Heatmap for normalized counts of leading-edge genes of the pathway.

B

A

Figure B3. GOBP_NEURON_DIFFERENTIATION pathway of wild-type vs. BPS_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the pathway.
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B

A

Figure B4. GOCC_SYNAPTIC_MEMBRANE pathway of wild-type vs. BPS_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.

B

A

Figure B5. GOCC_DENDRITIC_TREE pathway of wild-type vs. BPS_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of
the pathway.
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B

A

Figure B6. GOCC_AXON pathway of wild-type vs. BPS_exposed (A) Enrichment plot
(B) Heatmap for normalized counts of leading-edge genes of the pathway.

A

B

Figure B7. GOCC_POSTSYNAPSE pathway of wild-type vs. BPS_exposed (A) Enrichment
plot (B) Heatmap for normalized counts of leading-edge genes of the pathway.
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B

A

Figure B8. GOCC_SYNAPSE pathway of wild-type vs. BPS_exposed (A) Enrichment plot
(B) Heatmap for normalized counts of leading-edge genes of the pathway.

B

A

Figure B9. GOCC_NEURON_PROJECTION pathway of wild-type vs. BPS_exposed
(A) Enrichment plot (B) Heatmap for normalized counts of leading-edge genes of the
pathway.
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APPENDIX C
Table C1. Significant genes occurred in multiple neurological pathways.
Gene
Cdk5𝛼 (Cdk5 activatorlike protein)

Frequency

Function

8

Involved in synaptic homeostasis, fidelity of axon
patterning, and neurodegeneration

8

Regulate neuromuscular junction formation and function,
axon pathfinding, nervous system development, etc.

8

Mediate repulsion and adhesion between neurons, boundary
formation, neurite targeting, and synapse formation

Dop1R1 (Dopamine 1like receptor 1)

8

Require for mushroom body, needed for memory formation
for aversive and appetitive learning, involved in sleepdeprivation-induced impairments

Frq1 (Frequenin 1)

8

Ca (2+)-dependent modulation of synaptic efficacy

Nlg3 (Neuroligin 3)

8

Involved in synapse formation and synaptic transmission,
encode a synaptic adhesion molecule

Fak (Focal adhesion
kinase)

8

Encode a non-Receptor Tyrosine kinase (nRTK) that
involded in synaptic growth and transmission

Rim (Rab3 interacting
molecule)

9

Encode a scaffolding protein at the synaptic active zone,
play important roles in neurotransmitter release.

tutl (turtle)

9

Involved in dendrite self-avoidance, axonal pathfinding and
coordinated motor control, axonal tiling

CG1909

9

Involved in cholinergic synaptic transmission and positive
regulation of neuromuscular synaptic transmission,
neuromuscular junction, and plasma membrane

Sema2a (Semaphorin
2a)

9

Mediate repulsive and attractive axon guidance

9

Regulate synaptic partner matching and axon guidance in the
embryonic nervous system, synaptic organization in
olfactory and neuromuscular systems

dysc (dyschronic)

9

Involved in locomotor patterns, synaptic morphology,
neurotransmitter release

Syx1A (Syntaxin 1A)

9

Involved in neurotransmitter release, neuronal membrane
maturation, and neuronal differentiation

Dg (Dystroglycan)
Dscam2 (Down
syndrome cell adhesion
molecule 2)

Ten-m (Tenascin
major)
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GABA-B-R2
(metabotropic GABAB receptor subtype 2)

10

Involved in cellular response to mechanical stimulus, and
olfactory behavior

Nf1 (Neurofibromin 1)

10

Involved in postembryonic growth, learning/memory, and
circadian rhythm

10

Encode a homophilic cell adhesion molecule that regulates
interactions between dendrites and axons in the visual
system

10

Involved in regulation of learning and memory, synaptic
growth, transmission, synaptic formation, locomotion and
visual function

11

Involved in baseline sleep, aggression, courtship, memory
formation

cpx (complexin)

11

Involved in synaptic transmission, encode a presynaptic
cytosolic protein that regulates SNARE complex assembly
and function

X11Lβ

12

Involved in protein localization to membrane

CG32809

12

Express in adult head, embryonic central brain neurons,
embryonic brain, and embryonic/larval nervous system

Rab3

12

Involved in synaptic development and function

Imp (IGF-II mRNAbinding protein)

12

Involved in neural and germline stem cell maturation,
neuronal remodeling

13

Involved in controlling excitability of motor neurons and
clock neurons

13

Regulate synaptic organization in the olfactory circuit,
encode a type I transmembrane protein that is enriched in
presynaptic terminals

14

Involved in the formation of synaptic buttons at the
neuromuscular junctions, prevent synaptic defects

Dop2R (Dopamine 2like receptor)

14

Involved in regulation of aggression, cardiac function,
feeding, locomotor activity, nocturnal activity, olfactory
associative learning, response to stress, sleep and sucrose
acceptance

Nmdar2 (NMDA
receptor 2)

14

Voltage/Mg-dependent Ca channels activated by glutamate required for olfactory learning

Dscam4 (Down
syndrome cell adhesion
molecule 4)

Nrx-1 (Neurexin 1)
5-HT1A (5hydroxytryptamine
(serotonin) receptor
1A)

Shaw (Shaker cognate
w)
Lrp4 (LDL receptor
related protein 4)
futsch
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syn (synapsin)

14

Required for outgrowth of synaptic boutons at the larval
neuromuscular junction
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